INTRODUCTION
Customized implant abutments are increasingly applied for the fabrication of implant-borne reconstructions aimed at imitating the natural situation (Marchack 1996; Jemt 1998; Henriksson & Jemt 2003) . These abutments are individually shaped according to the anatomical needs of the respective implant site (Marchack 1996; Jemt 1998; Henriksson & Jemt 2003) .
Nowadays, customized abutments can be fabricated out of various materials like metals or ceramics. Each type of material has its benefits and shortcomings. Metals like titanium offer excellent material stability. They are very resistant towards distortion. In fact, the results of clinical studies revealed excellent survival rates of reconstructions supported by titanium abutments (Andersson et al. 1995) . Until today, titanium abutments are considered the "goldstandard" for longevity of implant borne reconstructions in all regions of the jaw. One major drawback of titanium abutments is that their dark grey color can cause a greyish discoloration of the peri-implant mucosa impairing the esthetic result of implant reconstructions (Jung et al. 2007 ; Park et al. 2007 ).
As an alternative ceramic abutments made out of the high-strength ceramics alumina and zirconia can be used in esthetically demanding situations (Prestipino & Ingber 1993a, b; Wohlwend et al. 1996) . The esthetic benefit of ceramic abutments over metal abutments has been well documented in a recent clinical study (Jung et al 2008a) . The shortcoming of ceramic materials, however, is their brittleness (Belser et al. 2004 ). This specific material property of ceramic leads to less resistance towards tensile forces and micro-structural defects. High tensile forces or flaws within the ceramic increase the risk for a fracture during function. Whether or not a fracture will occur is predominately influenced by the fracture toughness of the ceramic (Seghi et al. 1995) .
Among all dental ceramics zirconia exhibits the highest fracture toughness (Lüthy 1996) .
Clinical studies indicate that reconstructions can be fabricated with zirconia frameworks either on teeth or on implants with good clinical success. No zirconia abutment fractures have been reported in studies of implant single-crowns in anterior and premolar regions during a maximum of 4 years of function (Glauser et al. 2004 , Canullo 2007 . In contrast, at 1 year 7% fractures of alumina abutments have been reported when applied in the same type of indications (Andersson et al. 2001) . The promising performance of zirconia is supported by studies with zirconia as framework material for tooth-borne reconstructions even in areas with high loading. As an example, after 3 to 5 years of loading posterior fixed dental prostheses (FDPs) with zirconia frameworks showed excellent survival rates ranging from of 97.8% to 100% (Raigrodsky et al. 2006; Sailer et al. 2007; Tinschert et al. 2008; Molin & Karlsson 2008 ). In conclusion, this zirconia ceramic offers a combination of both sufficient strength for the application in regions with high occlusal loading and good esthetic properties. Unlike other ceramics zirconia may be suitable also for implant abutments in areas with high functional loading, like the canine and posterior regions. Comparative clinical studies, however, are needed to support this assumption.
The aim of this randomized controlled clinical trial was to test whether or not customized zirconia abutments exhibit the same survival and complication rates as customized titanium abutments in areas in canine and posterior regions.
MATERIAL AND METHODS

Patients and implants
Twenty-two consecutively recruited patients were included in this study (14 females, 8 males). They were in need of 40 fixed implant-supported crowns. The missing teeth comprised canines, premolars and molars in both jaws. The mean age of the patients was 41.3 with a standard deviation of ± 18.0 years. The inclusion/exclusion criteria for the patients have previously been described in detail (Sailer et al., All patients received implants with a regular platform (Brånemark RP, Nobel Biocare AB, Gothenburg, Sweden). Implants were inserted according to a standard 2-stage protocol (Adell 1985) . Connective tissue grafts were placed in 5 patients receiving 6 implants with a lack of buccal soft tissue volume. Three grafted sites were located at implant sites receiving zirconia abutments, whereas the other three grafts were placed at implants supporting titanium abutments. Second stage surgery (abutment connection) was performed 4-6 months after implant placement.
Prosthetic procedure
The prosthetic treatment phase was previously described in detail (Sailer et al., accepted for publication) . In brief, the fabrication of the customized zirconia and titanium abutments was performed by means of a CAD/CAM-system (Procera, Nobel Biocare AB, Carolinsk, Sweden). The abutments were fixed onto the implants with a torque of 32 Ncm.
supported ACC, except in one case in which a MCC was made. The frameworks for the ACC were either fabricated out of glass-ceramic or out of one of two high-strength ceramics (alumina, zirconia). All titanium abutments supported MCC.
All except 2 crowns were cemented on the respective abutments. One of two resin cements (Panavia 21 TC, Kuraray, Okayama, Japan or RelyX Unicem, 3M Espe, Seefeld, Germany) or a glass-ionomer cement (Ketac Cem, 3M Espe, Seefeld, Germany) was used for cementation.
The remaining two crowns were screw-retained with 32 Ncm of torque. Both were ACC supported by zirconia abutments.
Clinical examinations
The follow-up examinations comprised clinical and radiographic assessments of the implant reconstructions and were performed at crown insertion (baseline), 6, 12 and 36 months of loading.
Technical examination
The abutments and reconstructions were evaluated for fractures. The abutments and crowns were checked for loss of retention (abutment screw fracture or loosening, fracture of cement seal). Furthermore, the crowns were examined for chipping of the veneering ceramic.
Biological examination
The following biological parameters were assessed at four sites (mesial, buccal, distal, oral) of the implants and adjacent control teeth: Probing pocket depth (PPD), Plaque control record (PCR) (O`Leary et al. 1972) and Bleeding on probing (BOP).
Probing pocket depth (PPD) was measured from the mucosal/gingival margin to the bottom of the probeable pocket in millimeters using a periodontal probe. Plaque control record (PCR) and Bleeding on probing (BOP) were noted as present or absent.
Radiographs of the implants were made at baseline and at each follow-up visit using the longcone paralleling technique (Updegrave 1951). For the evaluation of the marginal bone level (BL) the radiographs were digitized and the level of the crestal bone was assessed at all time points. The distance between the implant shoulder (reference) and the most coronal bone-toimplant contact was measured in 0.1 mm increments mesially and distally by 2 independent examiners (Fig. 1) . The standardized distance between three implant threads (1.8 mm) was used for the calibration and determination of the exact magnification of the images. In case of a difference between the two measurements of 0.5 mm, the mean value was used. In case of a difference > 0.5 mm, the radiographs were reexamined by both examiners and the results discussed until a consensus was found (measurements in accordance with: Rodoni et al. 2005 ).
Esthetical examination
The color of the peri-implant mucosa and the gingiva of analogous, natural control teeth were assessed by means of a spectrophotometer (Spectroshade, MHT, Niederhasli, Switzerland).
The color assessments were performed 1 mm below the mucosal margin as previously described (Sailer et al., accepted for publication). The color differences ∆E of the implant and the tooth sites were calculated. The critical ∆E threshold for intra-oral color distinction has previously been demonstrated to be at 3.7 (Johnston & Kao 1989) . The soft tissue thickness was recorded in the region of esthetic assessment both at implants and teeth using an endodontic file (ISO #20) with a rubber stop.
Finally, the height of the papillae was assessed at the mesial and distal site of the implant reconstructions by means of a published index (Jemt 1997 ).
Statistical analysis
The data was analyzed descriptively. Survival of the implant abutments and crowns were assessed. The technical, biological and esthetical outcomes of the test and control group zirconia and titanium abutments were compared. Bone levels were compared between the two groups at the various time points of examination. In addition, the bone level changes within each group were analyzed over time.
Technical, biological and esthetical outcomes of the test and control group were analyzed by means of Student's unpaired t-Test and Mann-Whitney Rank Test. The level of statistical significance was set at p<0.05.
RESULTS
Eighteen patients (10 women, 8 men) with 18 zirconia and 10 titanium abutments could be examined at a mean follow-up period of 36 months (range 31.5 -53.3 months).
Two of the initially included patients with 1 zirconia and 8 titanium abutments had to be withdrawn from the study. The initial treatment plan had been changed to splinted crowns instead of single-crowns.
Two more patients were not available for the 3-year follow up. One patient with 1 titanium abutment supporting a MCC replacing a premolar was not identifiable despite numerous attempts to contact her. The second patient with 1 zirconia and 1 titanium abutment, both replacing molars, had moved.
The 18 examined zirconia abutments had been reconstructed with 17 ACC and 1 MCC. These crowns were cemented with resin cement (11 crowns) and glass ionomer cement (5 crowns).
Two of the crowns were screw-retained. The titanium abutments were supporting 10 MCC, all cemented with a glass-ionomer cement.
Eleven of the crowns were located in the maxilla and 17 in the mandible.
The implants in the group with zirconia abutments replaced 2 canines, 11 premolars and 5 molars. The ones in the group with titanium abutments replaced 2 canines and 8 premolars.
All implants were successfully osseointegrated, resulting in a 100% survival rate for the implants in both groups (Fig. 2 a-d, 3 a-d ).
Technical evaluation
No fracture of an abutment or a crown was found in either group. Furthermore, no loosening of an abutment screw or loss of crown retention was observed. Hence, the survival rate of the abutments as well as the crowns was 100% in both groups.
No chipping of the veneering ceramic occurred at the crowns supported by zirconia abutments. In contrast, minor chipping was found at two MCC supported by titanium abutments (Sailer et al., accepted for publication).
Biological evaluation
No biological complications were found at zirconia and titanium abutments. The comparison of the biological parameters (PPD, PCR, BOP, BL) of the sites with zirconia and titanium abutments revealed no statistical differences (Table 1 ). Yet, higher values of the mean PPDs were found at implants compared to neighboring teeth. The same amount of plaque (mean PCR) was found at the abutments and the control teeth. Bleeding occurred with similar frequencies at implants and teeth (Table 1) .
No significant difference of the mean mesial and distal bone level (mMBL, mDBL) was found at the implants supporting zirconia and titanium abutments at the 3-year follow-up visit (Table 2 ). There was either no or just a slight decrease of the bone levels from baseline to 3 years in both groups.
Esthetical evaluation
• Spectrophotometric color evaluation Both zirconia and titanium induced a visible change of the mucosal color compared to the gingival of natural teeth (∆E ZrO2 9.3 ± 3.8, ∆E Ti 6.8 ± 3.8) ( Table 3 ). The amount of discoloration induced by zirconia and titanium abutments was not significantly different.
• Soft tissue thickness No difference of the mean mucosal thickness was found at zirconia and titanium abutments (m thickness ZrO2 1.9 ± 0.8 mm; m thickness Ti 1.7 ± 0.4 mm).
The overall mean soft tissue thickness at implant-supported crowns averaged 1.8 ± 0.7 mm and was slightly higher than the mean gingival thickness at the control teeth (1.5 ± 0.9 mm).
• Papilla Index No significant difference of the mean papilla height (mP) was found at mesial and distal locations at the zirconia and titanium abutments (mesial: mP ZrO2 2.4 ± 0.9, mP Ti 2.0 ± 1.1; distal: mP ZrO2 1.6 ± 1.2, mP Ti 1.5 ± 1.0).
DISCUSSION
Both zirconia and titanium customized abutments exhibited a 100% survival rate in regions with high functional load at 3 years. Furthermore, no loss of implant crowns occurred rendering a survival rate for all-ceramic and for metal-ceramic crowns of 100%. Finally, no technical complications occurred at zirconia-supported crowns and only little problems were found at titanium-supported crowns.
The excellent performance of zirconia abutments and all-ceramic implant-borne singlecrowns has been shown in an earlier study (Glauser et al. 2004) . In that clinical study a 100% survival rate of the zirconia abutments was found at 4 years of function (Glauser et al. 2004 ).
More than 70% of the replaced teeth comprised incisors and canines, whereas only one third of the replaced teeth included premolars. The results of the present study show, however, that the excellent outcome of zirconia abutments is not limited to anterior regions with lower loading forces, but can also be obtained in posterior regions. In the present study, mainly posterior teeth (68% premolars, 18% molars) were replaced and both zirconia and titanium abutments exhibited 100% survival. Yet, the observation period is still rather short and a longer follow-up is needed for final conclusions.
It should be kept in mind that it may not be possible to extrapolate these short-term data to the long-term performance of zirconia based reconstructions. Zirconia like all ceramics is prone to aging inducing a decrease in the physical properties of the material. In vitro studies have demonstrated a 50% decrease of the fracture toughness of zirconia during a simulated 10-year aging process in a humid environment (Studart et al. 2007 ).
In the present study only a small amount of technical complications occurred at the custommade abutments. No fractures or loosening of reconstructions were found. Chipping of the veneering ceramic occurred at 2 metal-ceramic crowns, whereas no chippings occurred at allceramic crowns. Fractures of veneering porcelain are a common technical complication at implant supported single crowns and FDPs (Brägger et al. 2005 , Jung et al. 2008b . A smaller rate for chipping of veneering ceramic (7.1%) was reported in a clinical study analyzing single-implant metal-ceramic crowns supported by titanium abutments (Hall et al. 2007 ).
Another investigation reporting on all-ceramic reconstructions supported by zirconia abutments exhibited no technical complications (Henriksson & Jemt 2003) . In that study, however, no molar reconstructions were included.
One frequently reported technical complication of implant-borne single-crowns was screwloosening occurring in 4-43% during 4 years (for review see: Jung et al. 2008b ). Absence of rotation at the implant-abutment interface was a crucial factor for the maintenance of a stable abutment screw joint in numerous in-vitro studies (Binon 1995 (Binon , 1996 Binon & McHugh 1996) . It was suggested that the fit between implant and abutment should permit less than 5° of rotational freedom (Binon 1996; Binon & McHugh 1996) . In a recent study customized zirconia and titanium abutments, fabricated with the same CAD/CAM procedure as in the present study, exhibited excellent fit with less than 3° rotational freedom (Vigolo et al. 2006) .
Furthermore, in the present study all abutments were tightened with a controlled torque of 32 Ncm. Tightening of implant components with a controlled torque of 20-30 Ncm was demonstrated to reduce the risk of screw loosening (Jorneus et al. 1992; McGlumphy et al. 1998 ). These factors may have contributed to the excellent technical outcome of both abutments types in the current study, where no screw loosening occurred.
Besides the excellent technical results, the biological reaction to the zirconia and titanium abutments was very good. No differences were found regarding the amount of plaque at the abutments and natural control teeth. Both zirconia and titanium abutments exhibited the same degree of plaque accumulation. This observation is not in accordance with the findings of laboratory studies of the bacterial adhesion on zirconia and titanium. In one study using zirconia and titanium disks significantly less adhesion and accumulation of bacteria was found on zirconia compared with titanium disks (Rimondini et al. 2002; Scarano et al. 2004 ).
The favorable results for both abutment types in the present study might be due to the good oral hygiene of the patients.
Slightly more bleeding on probing was found at the reconstructions supported by zirconia abutments. This observation has already been made at one year of clinical follow-up (Sailer et al., accepted for publication). Whether or not this finding is related to a different biological response to the applied materials is difficult to evaluate. Unfortunately, the zirconia abutments in this study supported crowns made out of different ceramic materials. Furthermore, the crowns were cemented with different kinds of cements.
In the present study the bone level remained stable at all implants between the first and the third year of function. In addition, no significant difference of the bone level was found at implants supporting zirconia abutments compared to the ones supporting titanium abutments.
Hence, the zirconia abutments did not exert any negative effect on the bone integration of the implants. In pre-clinical animal studies titanium and zirconia were proved to be similarly biocompatible (Abrahamsson et al. 1998; Kohal et al. 2004) . In contrast to the clinical findings of the present study and the pre-clinical observations mentioned above, one clinical study reported slightly more bone loss at implants supporting titanium abutments than at implants supporting alumina abutments (0.4 mm vs. 0.2 mm) ). There is a clear need for more comparative long-term clinical studies comparing zirconia and titanium abutments in large patient populations.
The esthetical evaluation of the present study revealed, that both abutment types led to a visible discoloration of the marginal mucosa compared to the gingiva of analogous teeth (∆E >3.7, Johnston & Kao 1989) . This finding has already been observed at the 1-year recall and remained unchanged at the 3-year observation. Furthermore, a slight increase in the papilla height was observed at mesial sites in the present study. The improvement of the papilla fill after implant-crown placement is in agreement with previous reports in the literature (Jemt 1999; Chang et al. 1999; Choquet et al. 2001; Henriksson & Jemt 2004; Cardaropoli et al. 2006 ). 
CONCLUSION
∆L ∆a ∆b ∆E
ZrO 2 abutments 1.0 ± 7.2 3.2 ± 4.9 1.8 ± 2.9 9.3 ± 3.8
Ti abutments
1.2 ± 6.3 0.7 ± 3.6 2.0 ± 2.9 6.8 ± 3.8
Significance ZrO 2 vs. Ti n.s. 
